In this study, an attempt has been made to predict the drape profile of woven fabrics using finite element analysis. The finite element method has been used in the prediction of structural instability and post buckling behaviour. The drape parameters like Drape coefficient, Drape distance ratio, Fold depth index, Amplitude to radius ratio and Number of nodes predicted by finite element analysis were correlated with those measured by Digital Image Processing method. The correlation between digital image processing method and finite element analysis proves to be very good. In all cases, R 2 value is found to be higher than 0.8. In particular maximum correlation (R 2 = 0.91) is found in case of drape coefficient, because it is based on the project area of draped fabric in both the methods.
Introduction
The new philosophy of the twenty-first century with regard to society and, as far as industry is concerned is "competing globally". Textile garment manufacturing and retailing has to be global, and companies need to have flexibility as far as possible to satisfy any possible market requirement. The new generation of 3D computer-aided design systems for fashion and garment industries is coming up. It may be possible in near future for the virtual fashion show and home shopping to become a reality. It requires precise fabric, garment and synthetic human models to predict the true 3D behaviour of garments from various textile materials. It is generally accepted that one of the most important requirements for the development of a 3D garment CAD system is how to obtain the real shape of the garment in 3D space from the original 2D design patterns. It is realized that the deformable behaviour of textile materials, such as drape, would play a very important role in this area [1−3] .
As the cloth modeling is increasingly important for textiles and apparel CAD/CAM, character animation, electronic commerce and related areas, it has attracted considerable attention in computer graphics as well as in textile manufacturing. Drape, as a typical behaviour of flexible cloth that influences its aesthetic appearance, has drawn much attention from the textile community. Drapability has been regarded as a quantitative characteristic of cloth, and several devices as well as virtual systems have been developed to measure it. The ability of fabrics to drape into complex 3D shapes provides a graceful aesthetic effect for apparel and other industrial design and uses. This aesthetic effect depends on fabric structural and mechanical properties [4−7] .
However, fabric drape can be more realistically investigated by considering seams. At present, the effects of seam allowance and seam position are investigated experimentally. Drape behaviour is determined and compared in terms of drape coefficient, node analysis and drape profile [8] . Investigating drape of fabric, one can improve apparel design and fabric end use applications. Moreover, it contributes to garment drape prediction for the clothing CAD system. Drape is one of the subjective performance characteristics of fabrics that contribute to aesthetic appeal. It is a complex property that involves bending and shear deformations [9, 10] . Conventionally drape is measured by Cusick's drape meter which is a time consuming and slow method. Moreover, recent fabric manufacturers are interested to know the behaviour of the fabric in advance before proceeding to mass production. In this context the importance of an objective and quick method of drape measurement and theoretical computation of drape profile is realized. Flexible shell theory based finite element method was used by some researchers for modeling fabric drape [11] .
The finite element method (FEM) has been used in the prediction of structure instability and post buckling behaviour for many years. In the view of the time stepping algorithms required, practical problems require relatively long computer processing times. The finite element method is, however finding increasing use in modeling fabric drape. Fabric mechanical properties and the non linear techniques employed are the main topics of discussion in cloth drape finite element analyses. In this research work an attempt is made to predict drape profile of woven fabrics using FEM and to evaluate its performance by comparing drape parameters obtained from digital image analysis method quantitatively.
Materials and methods

1 Materials
10 samples of Polyester/Viscose suiting fabric have been chosen for this study. The constructional details of the samples are mentioned in Table 1 .
2 Methods
Measurement of fabric mechanical properties
The fabric initial Young's modulus was determined from the stress-strain curve obtained from Instron Tensile tester using test method ASTM D5035-06, Shear rigidity was determined using Kawabata Evaluation System and Poisson's ratio was also determined using standard tensile tester.
Measurement of drape parameters by digital image processing
The drape parameters for the fabric samples (15 cm in radius) were evaluated by using Digital Image Processing based drape meter shown in Fig. 1 and Fig. 2 [12] . In this image analysis system, the shadow projected from the fabric is quantified into a binary image after being digitized. The threshold value that sets the criteria for converting a grey scale image into a black and white image is controlled at the 104 B K BEHERA, Ajit Kumar PATTANAYAK, Rajesh MISHRA Table 1 Constructional details of the fabric samples. user interface of the system. For this reason, this image analysis method is not influenced by the fabric color. The digitized binary image is processed with a closing operation which removes noise and segmentizes the shadow image of the draped fabric from the background image. The closing operation is a dilation operation followed by an erosion operation. This operation fills in single pixel object abnormalities. After digitizing the image of the draped fabric, the image analysis system searches the boundary between the fabric shadow and the central disk on the drape meter and the boundary between the fabric shadow and the outer region of the fabric shadow. By using this boundary description, the software calculates the different drape parameters such as Drape coefficient, Drape distance ratio, Fold depth index, Amplitude to radius ratio and Number of nodes from the model diagram shown in Fig. 3 .
Drape coefficient, DC
Fold depth index, FDI
Amplitude to radius ratio, ARR
Number of nodes, N
It is the number of peaks in the draped profile.
AS is the area of the draped fabric image A1 is area of the fabric supporting disc A2 is the area of the undraped fabric sample r1 is radius of the fabric supporting disc r2 is the radius of the undraped fabric sample r max is the maximum radius of the draped fabric image profile rmin is the minimum radius of the draped fabric image profile ravg is the average radius of the draped fabric image profile
Drape prediction by finite element analysis
The finite element method is a way of subdividing a system into individual components or 'elements', whose behaviour is readily understood, and then rebuilding the original system from such components to study its behaviour. The elements are interconnected only at points called nodes on their boundaries as shown in Fig. 4 . The basic unknowns in the finite element method are the displacements and rotations in the nodes, or nodal degree of freedom. The physical quantities, such as displacements and strains at the generic point within the object, are obtained from the unknowns by transformations. They may be derived as explained below.
Domain discretization
A flat fabric sheet which consists of two orthogonal sets of threads: warp and weft yarns. The domain discretization scheme of the fabric sheet is illustrated in Fig. 4 , in which small sub-domains surrounded by adjacent dash lines in the two orthogonal directions (warp and weft or X-and Ydirections) are called finite elements while the solid lines are located midway between neighboring dashed lines. Consequently, for a typical internal control element, the crossing of two solid lines inside the element, which is called the grid node, lies exactly at the geometric center of the element. The crossings of four surrounding dashed lines and two inside solid lines, which are called the face nodes, lie at the middle of the respective finite-volume boundaries or faces. 
Strain energy
During the process of fabric deformations, it is assumed that the in-plane strains and out-of-plane curvatures of a typical control element can be determined using the positions of its grid node and four face nodes. The deformed position of each face node can be determined using a linear interpolation between two adjacent grid nodes as for the undeformed state. The total strain energy of a control element is the sum of the in-plane membrane and out-ofplane bending strain energies. The total strain energy of the whole fabric sheet can be found by adding together the contributions from all control elements.
Strain energy of an internal control element
Considering that the fabric is a linearly elastic and orthotropic sheet material whose two principal directions are in the warp and weft directions, respectively, the bending strain energy is given as
where D1 and D2 are the bending rigidities in the warp and weft directions, respectively, D12 is the bending rigidity reflecting Poisson's effect, kp1 and kp2 are the bending curvatures in warp and weft direction and AP is the in-plane surface area of the element P. For fabrics with a zero Poisson's ratio, D12 becomes zero and D1 and D2 are simply the bending rigidities Dwarp and Dweft obtained from unidirectional bending tests.
The in-plane (or membrane) deformations of a control element include tension in the two principal directions and membrane shearing [13] .
As the fabric is assumed to be an orthotropic elastic material, the in-plane strain energy of each quarter section can then be easily obtained as
where AP is the area of element P; G is the shear modulus, γ is the shear strain and E1, E2, E12 are given by
where, Ewarp and Eweft are the tensile rigidities (force per unit width) in the warp and weft directions respectively, υ warp and υ weft are the corresponding Poisson's ratios.
The in-plane (or membrane) strain energy of the whole control element is given by
The total strain energy of the control volume P is the sum of bending and membrane strain energies, i.e.
Governing equation
The final equilibrium state of the fabric sheet can be determined using the principle of stationary total potential energy. Here the total potential energy π is the sum of the total strain energy given by Eq. (5) and the potential energy due to gravity
where Ug is the potential energy due to gravity, mP and ZP are the mass and the vertical coordinate of the control volume P respectively, and g is the gravitational acceleration. The equilibrium equations can be obtained using the variational principle that the total potential energy π must be stationary
or δπ δUdf δUg ⎯⎯=⎯⎯+⎯⎯ = 0 δxPi δxPi δxPi Where P = 1, 2, …. and i = 1, 2, 3
This leads to a set of non-linear algebric equation with the global coordinates of all grid nodes as unknowns, which can be written in this form;
where F is the global nodal internal force and R is the global nodal internal force vector , R is the nodal load vector due to gravity and X is the global nodal coordinate method.
Applying Newton-Raphson method, equation can be written as
Where K is the global tangent stiffness matrix of the fabric sheet, X (i) denotes the i th iterative solution of the vector X.
The global vector F and matrix K can be formed by integrating all the internal force vectors.
Drape parameters measured by digital image processing method
The drape parameters of various fabric samples measured by Digital Image Processing method are given in Table 2 . Complete drape profile in terms of drape coefficient, drape distance ratio, fold depth index, amplitude to radius ratio and number of distinct node formed by the fabric are measured using suitable image analysis algorithm.
Drape parameters predicted by finite element analysis
From theoretical deduction and available literature [5, 6, 11] , it is clear that fabric areal density in grams per square metre (GSM), thickness of the fabric (mm), initial Young's modulus (E), shear rigidity (G) and Poisson's ratio (ν) of the fabric have strong influence on fabric drape. Therefore all these parameters are taken as input for the finite element analysis using ABAQUS, which is a commercial software package available worldwide for FEA. These parameters are listed in Table 3 .
The virtual draped images obtained from finite element analysis (ABAQUS) are shown in Fig. 5 . The drape parameters are estimated by using digital image processing method (as discussed earlier in this paper), from the virtual images predicted by finite element analysis are given in Table 4 .
The drape parameters as measured by digital image processing method from testing of fabric samples and those predicted by finite element analysis are compared and the results are shown in Figs. 6 to 9.
It is observed that, there is a very good correlation between the drape parameters measured by digital image processing and those predicted by finite element analysis method. In all cases, R 2 value is found to be higher than 0.8.
In particular maximum correlation (R 2 = 0.91) is found in case of drape coefficient, because it is based on the project area of draped fabric in both the methods.
Conclusion
In this study, an attempt has been made to predict the drape of woven fabrics by finite element analysis. The drape parameters predicted by finite element analysis were correlated with those measured by digital image processing Table 3 Input parameters used for finite element analysis. method. The correlation between digital image processing method and finite element analysis method is found to be very good. The new drape evaluation system enables to quantitatively understand the drapability of materials in more detail along with shape parameters and, therefore, it is very useful for high quality textile and garment manufacturing. Table 4 Drape parameters predicted by finite element analysis. 
